The study of cognitive aging seeks to determine the psychological and neural mechanisms underlying age-related decline in cognitive performance. New methods in functional brain imaging are beginning to provide possible answers to questions regarding age-related cognitive decline.
Introduction
Normal aging is associated with a decline in cognitive abilities in multiple domains such as memory, attention, and perception (1, 2) . Determining which abilities decline and how such changes occur has been a major area of research for many years. Two prominent, although not necessarily mutually exclusive, hypotheses have emerged. One hypothesis proposes that all cognitive decline in normal older individuals can be explained by a single mechanism such as a decrease in information processing speed (3) . Another possibility is that certain specific cognitive abilities decline with age, whereas others do not (4) . The search for the neural mechanisms that produce cognitive deficits has involved a variety of experimental approaches, including neurophysiological, neurochemical, and neuroanatomical methodologies. This combination of multiple approaches has been valuable to our understanding of the neural mechanisms underlying cognitive aging. One possibility is that the age-associated decline in cognitive function might be at least partially brought about by changes in neuron structure. For example, multiple dendrites extend from each neuronal cell body, a formation known as the dendritic arbor, and several anatomical studies have revealed subtle age-related structural changes, such as alterations in the pattern of dendritic arborization and spine count. Spines are small protuberances located on dendrites that are the primary site of excitatory synapses (5, 6) . However, many other studies have revealed no such changes and additionally indicate that neuronal number is preserved during aging (7) (8) (9) (10) . Despite the lack of overwhelming evidence for structural alterations, there has been a steady accumulation of studies that reveal physiological changes (11, 12) and changes in neurotransmitter concentrations with aging (13) . These observations have led to an emerging principle: Perhaps changes in neural activity and connectivity, rather than alterations in neuron structure, account for age-related cognitive deficits.
Functional Brain Imaging Techniques
This principle has been a guiding force for the application of functional brain imaging techniques to the study of age-related memory alterations, which has occurred relatively recently. Such methods include positron emission tomography (PET) and functional magnetic resonance imaging (fMRI), which allow an assessment of agerelated changes in brain function while subjects are performing cognitive tasks. PET and fMRI both measure changes in cerebral blood flow, an indirect but highly localized correlate of increases in neural activity. PET requires the injection of radiotracers into study subjects in order to measure their cerebral blood flow, whereas fMRI is a noninvasive tool that measures relative changes in the concentration of oxygen in the blood, based on the magnetic properties of hemoglobin. Both techniques offer a powerful means of exploring activity changes in the functioning human brain, but fMRI has emerged as the dominant technique in use today because of the widespread availability of MRI scanners as compared to cyclotrons (which are required for PET), the lack of a need for injection of radiotracers, and improved temporal and spatial resolution (14) .
More recently, the application of novel multivariate statistical analysis to fMRI data has furthered the scope of conclusions that can be derived from imaging studies by allowing the analysis of brain region interactions in distributed cortical networks (15) . Distributed cortical networks refer to the collection of multiple brain regions that collectively participate in a neural process. These regions interact with each other via the well-described neurophysiological mechanism of neuronal signal transduction.
It is the complex pattern of communication between brain regions that generates the diverse array of cognitive processes that we command. Multivariate statistical analysis allows researchers to analyze these network interactions by studying the degree of correlation between simultaneous activities in multiple brain regions within the confines of their established structural connections.
Possible Study Outcomes
One approach of functional brain imaging studies of aging has been to compare brain activation patterns in a group of healthy young individuals (usually in the age range of 18 to 25 years old) and a group of healthy older individuals (usually in the range of 65 to 85 years old) during the performance of a task that taps a cognitive process or ability that shows age-related decline in behavioral tests. An example of such a task would be one that tested the ability of a subject to remember a series of visual images, such as faces, over time. Three possible age-related differences in patterns of brain activation are conceivable:
Scenario 1: A similar pattern of activation between groups but (i) lower or (ii) greater activation in older individuals in all (or some) of the same brain regions. This activation pattern might indicate that the reduced cognitive performance in older individuals relative to younger individuals is a result of a failure in neural systems that are necessary for a specific cognitive operation [in the case of possibility (i)] or that neural systems supporting certain cognitive abilities are "working harder" as behavioral performance fails [in the case of (ii)]. This second possibility might reflect a compensatory mechanism.
Scenario 2:
A different pattern of activation between groups; that is, (i) new brain regions are activated in older individuals that are not active in young individuals during performance of the same cognitive task, or (ii) some brain regions are no longer active in older individuals. Pattern (i) might also represent a compensatory mechanism; either (i) or (ii) might represent some fundamental change in functional organization with advanced age.
Scenario 3:
A similar pattern of activation between groups, but a modification of the network connectivity (the interactions among neural regions) during the performance of cognitive tasks as determined by multivariate statistical analysis. For example, there might not be a difference in the mean level of activation in a particular brain region between younger and older individuals, but the relationship of the activity in one region to the activity in other anatomically connected regions might differ between groups during particular cognitive tasks (16). This result might represent a structural reorganization of cognitive pathways or a physiological change in their connectivity.
Of course, any combination of these scenarios is also possible, and indeed most functional brain imaging studies reveal mixed results. As an example, a recent study by Cabeza et al. (17) revealed both decreases (scenario 1i) and increases (1ii) in the activity of brain regions of old adults that were also activated in young adults, as well as a loss of activity in certain brain regions (2ii) and newly identified active regions (2i) in the older adults.
Compensation and Dedifferentiation Hypotheses
Two primary hypotheses to explain the alterations in activity and connectivity observed in older individuals have been developed [reviewed in (18) ]: the compensation hypothesis (19) and the dedifferentiation hypothesis (20) . The compensation hypothesis proposes that observed age-related neural alterations occur to counteract cognitive deficits. This conclusion is usually reached in studies in which changes in neural activity and/or connectivity are observed in the setting of preserved cognitive performance in older subjects. The dedifferentiation hypothesis proposes that some pathological process causes an age-related difficulty in performing a particular cognitive function. This difficulty in turn leads to the recruitment of a less specialized neural mechanism to perform that function, as opposed to the highly specialized mechanism formerly in place. Such decreased specialization manifests as an increased correlation among diverse cognitive measures (21) and/or anatomical patterns of activity (22) . The exact brain mechanism responsible for dedifferentiation is currently unknown, but it is considered an example of a primary degenerative event associated with aging rather than a compensatory mechanism. Compensation and dedifferentiation are not mutually exclusive processes, and both might be occurring and influencing one another (23).
The changes described in scenario 1, especially age-related reductions in regional cerebral blood flow, are common findings in imaging studies (17, 24, 25) . These results, however, must be interpreted with caution and not automatically attributed to decreased neural activity. Older individuals are more likely to experience cerebrovascular disease that might lead to decreased cerebral blood flow and neurovascular decoupling, resulting in the misinterpretation of a reduced signal in PET or fMRI experiments as representing a reduction in neural activity (see further discussion of this issue below). Increases in PET and fMRI signals, especially when correlated with changes in behavioral performance, might be easier to accept as genuine neural correlates of cognitive aging. Such patterns have not been frequently observed in brain imaging studies, however. Most studies that describe "increases" in activity in older subjects are actually reporting novel areas of activation that represent alterations in the pattern of activity. However, the relationship between the extent of neural activation and behavioral performance might be complex. For example, age-related changes in activity have been described in which better behavioral performance was associated with decreased brain activation in young individuals and with increased brain activation in older individuals (25) . Scenario 2, a change in the pattern of activity in older individuals, has been described in multiple brain imaging studies. A common finding in PET studies (19, (26) (27) (28) , which has also been observed in an fMRI study (29) , is that activity in the prefrontal cortex seems to be more bilateral in older subjects, as compared to young subjects, in a variety of cognitive domains. For example, young individuals often manifest asymmetric prefrontal activity, so that left prefrontal activity occurs during memory encoding and right prefrontal activity occurs during memory retrieval (2), whereas older subjects display more equivalent right and left prefrontal activity during both of these processes. Memory encoding occurs when a subject is first presented with a stimulus (such as a face). Retrieval refers to the subsequent memory stage that occurs after a delay and involves the subject selecting from a series of similar stimuli with the goal of identifying the correct initial stimulus (for example, selecting the correct face from a series of faces). A model based on these findings, Hemispheric Asymmetry Reduction in Old Adults, or HAROLD (19) , has been proposed and has generated a great deal of interest in whether this alteration in the pattern of activity represents a compensatory change or dedifferentiation. Several studies have suggested that the decrease in asymmetry represents a compensatory change, because it often occurs in conjunction with preserved behavioral performance in the older age group (26, 27). The most convincing argument, however, was presented in a recent paper (17) . In this study, prefrontal cortical activity during a recall memory task was measured in three study groups: young adults, low-performing older adults, and high-performing older adults (who exhibited performance equivalent to that of the young). The results of this study support the proposal that HAROLD represents a compensatory change, in that both young and lowperforming older adults displayed asymmetric, right prefrontal cortex activation, whereas the high-performing older adults had a bilateral prefrontal cortex pattern (Fig. 1) . These findings suggest that the low-performing older adults used the same region of the prefrontal cortex less efficiently than did young adults, and that the high-performing older adults were additionally able to recruit the left prefrontal cortex (leading to the bilateral pattern of activity) in order to maintain cognitive function.
When considering scenario 3 (network reorganization), it is important to remember that brain regions do not operate in isolation but generate a broad array of cognitive abilities by their interactions with other regions. For example, working memory involves communication between the prefrontal cortex (which has an important role in attention) and visual association areas (presumed site of visual memory storage). The recent use of multivariate statistical analyses, such as partial least squares analysis and structural equation modeling, has served as a powerful means of investigating modifications in regional connectivity associated with cognitive aging. Several multivariate analyses of fMRI (30) and PET data (15, 16, 31, 32) have revealed that aging is not merely associated with regional changes in neural activity but also with more widespread alterations in large-scale neural networks.
Network analysis of face perception (in which individuals make judgments about faces presented simultaneously) has revealed that despite relative preservation of perceptual abilities, as noted by equivalent behavioral performance, there is a reorganization of the interregional connectivity during aging. For example, alterations in connections between executive centers (areas of the brain that are necessary for the overriding control and execution of many cognitive processes) and primary sensory areas have been observed. Specifically, older adults demonstrated a similar pattern of activation in the brain during face perception, but displayed stronger feedback influences (which constitute the communication of executive brain regions with primary sensory regions) from the frontal cortex, an executive center, to the occipital cortex, a primary sensory area where visual stimuli are actually perceived. This result suggests that certain brain functions in older individuals might require additional monitoring by executive centers (33, 34) . An increase in feedback influences signifies a greater dependence on the influence of these control areas on the primary areas during perception in the older adults (Fig. 2) . Increased prefrontal feedback to the hippocampus, a region of the brain important for long-term memory consolidation, has also been observed in memory tasks, revealing that additional reliance on executive centers in aging is also associated with memory processes (15) .
Another age-related modification in network connectivity that has been observed is a ventral/dorsal shift of the hippocampalcortical network. Hippocampal activity during object and word encoding correlates with more ventral cortices in young adults (in such a way that activity in the ventral cortices and hippocampus change together) and with more dorsal cortices in older adults. These changes are also correlated with better recognition memory performance in older adults (15) . In other words, adults who display greater correlation between the activities of the hippocampus and the dorsal cortices also display better recognition memory performance. This ventral/dorsal shift, as well as a memory performance correlation, was also observed for the encoding of memories for faces (27) , suggesting that this shift represents a memory modification that occurs in response to a variety of stimuli. These findings suggest a shift from the interaction of the hippocampus with perceptually based regions in young adults [regions such as those localized to ventral cortices (e.g., the extrastriate cortex, a visual area)] to interaction with more executive-dependent regions, such as those localized to dorsal cortices (e.g., the prefrontal cortex, an executive area) in older adults. This conclusion was based on the ventral/dorsal shift in activity correlation and further suggests a greater reliance on executive control in aging adults. Furthermore, these results support the compensation hypothesis, because this change in connectivity correlates with performance, and no overall performance differences were observed between age groups (15) .
Conclusions
Despite the possibilities that might lie ahead in the use of functional brain imaging methods to study the mechanisms of cognitive aging, several methodological concerns must be considered. The principal concern is that PET and fMRI are measures of blood flow, which is an indirect correlate of neural activity. If aging affects regional cerebral blood flow as well as neural activity, age-related differences in patterns of "brain activation" found in functional brain imaging measures might be misleading. For example, decreases in activation or changes in the pattern of activation might be a result of vascular and not neural differences between young and old brains, given that there is significant evidence for vascular changes in normal aging (35) .
Several groups have begun to ask whether there are age-related differences in the coupling between neural activity and imaging signals (36) (37) (38) . In other words, how well an imaging signal represents neural activity might vary depending on age. For example, our laboratory has examined this coupling in the primary motor cortex during the performance of a simple motor task, which presumably taps an ageinvariant ability (36) . Importantly, significant neuronal loss in the primary motor cortex during aging has not been demonstrated (39) , and similar movementrelated electrical potentials have been observed in young and older individuals during the performance of simple motor tasks (40) . Thus, we presumed that any changes in fMRI signal that we observed between young and older individuals in the motor cortex would be a result of vascular, and not neural, changes that occur during normal aging. In our study, we found a significantly decreased signal-to-noise ratio in the fMRI signal in older individuals as compared to young individuals. This result was attributed to a greater level of noise in the older individuals and suggests that there is some property of the coupling between neural activity and fMRI signal that changes with age. The source of this difference has not yet been determined, but our results suggest that it is a result of a hemodynamic change (the response of the vascular system to neural activity), and not a neural change, in normal aging. This finding cautions against simple interpretations of results of functional brain imaging studies that compare young and older individuals.
Moreover, new methods must be developed to account for this potential methodological confound.
Nevertheless, with the advancement of our understanding of functional brain imaging methods and the development of other complementary methods, new answers to the question of how brain-behavior relationships change with age are likely to emerge.
Fig. 1.
A PET study revealing that activity in the prefrontal cortex was right lateralized in both the young and low performing older subjects, but bilateral in the older higher performing subjects. Reprinted from (17) with permission from Elsevier Science. 
